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INTRODUCTION 

Because of its practical and fundamental imponance, droplet vaporization. with its complicating features 
of surface rearession. surface blowina. and transient energy and soecies diffusion. has been the subiect 
of a large number of experimental, ahyt ical  and compkional'studies over the timespan of sedral  
decades. A literature review has revealed, however, that previous studies of droplet gasification have 
generally neglected effects of surface-tension gradients. The only related study that has been found is 
that of Higuera and LiBin'. which is a linear stability analysis of an unsupported and stationary droplet 
vaporizing in a hdt stagnant atmosphere. Here we present a computational study of the effects of 

methanol droplets vaporizing in a hot environment. Large and small droplets (initial diameters of 2 mm 
and 100 pm) are considered, and gravity is neglected. The large-droplet calculations are most applicable 
to reduced-gravity droplet experiments, while the small-droplet calculations are relevant to practical 
sprays. 

Marangoni convection is induced by surface-tension variations along an interface between two fluids. 
The surface tension variations are caused by temperature gradients parallel to the interface. Since an 
interface has negligible thickness. surface-tension gradients must be balanced by viscous shear stresses 
on either side of the interface. If viscous stresses are large relative to surface-tension gradients, 
thennocapillary effects may be neglected. However, when viscous stresses and surface-tension gradients 
are comparable, thennocapillary effects are likely very important; this is the situation encountered in 
thennocapillary migration of droplets and bubbles in temperature gradients. Studies of thennocapillary 
migration have typically not considered the effects of phase changes, surface regression, surface 
blowing, or transient energy and species diffusion. 

droplet of radius r moving with the speed U, relative to a gaseous environment. An average shear stress 
acting on the droplet from the gas side may be. defmed as p,U,Q,/2, where p- is the ambient gas 
density and CD the drag coefficient. This shear stress will induce convection in the droplet interior. A 
temperature gradient along the liquid surface will produce an average surface-tension gradient A a h  (a is 
surface tension) that will be balanced by surface shear stresses in the gas and liquid phases. We may 
characterize A 0  as a, AT, where T is temperature, e = lhml, and AT the temperature difference from 

convection processes if A d r  is significantly less than p..U,Td2. In tenns of temperature differences, 
rhennocapillq effects should be small SAT << rp-U-cda,. We may introduce the droplet Reynolds 
number Re = 2rU,pJk. where p., is the ambient viscosity. to yield AT <c C ~ p - ~ R e ~ / ( 4 r a ~ p , ) .  
Consider a 2 mm diameter hydrocarbon droplet in loo0 K air at 1 a m .  If Re = 10, CD = 1, and a, = 
10-4 N/(m 'K) (a value appropriate for hydrocarbon or methanol droplets at subcritical conditions2.3). 
we fmd that AT << 1 K is required for surface tension gradients to be negligible. For Re = 0.1 (and CO 
= 24/Re), it is required that AT << 0.01 K. Hence, even modest temperature differences may induce 
significant thermocapillary forces. It is thus desiable to investigate in more detail the effects of capillary 

\ Marangoni (thermocapillary) convection on transient temperature and velocity profiles in octane or 
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\ Estimates of the importance of capillary effects on droplet vaporization may be made by considering a 

l one side of the droplet to the other. Surface tension gradients will not significantly affect liquid 
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forces on droplets. To this end, a computational model for axisymmedc droplet vaporization, including 
surface-tension gradients, was developed and is presented below. 

EQUATIONS AND METHODS OF APPROACH 

In this paper we started from the low Mach number model of the Navier-Stokes equations in control 
volume form. This model eliminates acoustic waves from the Navier-Stokes equations. and it will not be 
derived in the present paper. The equations for axisymmemc flow in control volume form are 

Conservation of Mass 
J - jjj pdV + # pv di = 0 
b V  A 

Momentum Equations 
J j j j p  [--u + v Vu]& = - H E z  *A + #;*& 

j j j p  I&"+ ve V"]dV = - H P q  drT + #L d;i 

jjjpCp[;i;+V.VTldV m = 

v a t  A A 

V A A 

Thermal Energy Equation 

V 

#,IVT*di-jjjpk&CptVk *VTdV 
A v k=I 

JY 
Species Transport Equations 

j j j p [ -  + V Vy]dV = HpD,Vy. d;i 
v a ,  A 

Equation of State 
PT = pRT 

where the following notation has been employed: p - is density; V - fluid velocity; T - temperature; Yi - 
mass fraction of species i; and ? is the stress tensor in the fluid. The thermodynamic and transport 
properties for the gas and liquid have been obtained from Refs. [4-61. At the interface location between 
the gas and liquid phases the conditions of continuity of heat flux, mass flux and tangential velocity have 
been employed, and the equilibrium condition of the ClausiusClapeyron equation was used to determine 
the concentration of the liquid components in the gas phase at the interface. Tangential viscous sfresses 
and surface-tension gradients were appropriately balanced at the interface. In addition, gravitational 
forces were assumed to be negligible. 

The above system of equations has been solved numerically with a time accurate method, and with the 
use of a predictor/corrector method developed previously7. In general the addition of surface tension 
gradients has not caused any explicit change in the numerical methods; however the large surface 
velocities and gradients generated by surface tension effects have caused a need for smaller time steps to 
properly resolve the surface phenomena in time. The numerical calculations have been started from a 
uniform constant velocity initial condition in the gas. and a uniform zero velocity condition in h e  liquid. 
This condition, which is typical of droplet injection, causes a rapid buildup of the surface velocities as 
will be seen in the results section of the paper. 

- 
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RESULTS 

Calculations were performed for octane or methanol droplets in air at 1 ann. Initial droplet diameters and 
temperatures were taken in all cases to be 2 mm or 100 pm, and 300 K, respectively. Initial droplet 
Reynolds numbers of 0.1 and 10 were considered. For the Re = 10 calculations, vaporization in a loo0 
K environment was allowed and the droplet-gas relative velocity was held constant. For Re = 0.1 
vaporization in a 400 K environment was neglected, though droplets slowed down from drag. 

Figure 1 shows the transient droplet surface velocity profiles for octane droplets (initially 2 mm) when 
surface-tension gradients are neglected. (Figures 1 and 2 are three-dimensional plots, with the height 
above a point in the "time-angle" plane representing the ratio UJU,, where Us is the local interface 
velocity). As would normally be expected, the surface velocities initially rapidly increase and then 
approach a steady-state condition. In Fig. 2, the same conditions are assumed, except that here 
thermocapillary effects are allowed. It is evident that that surface velocities are much larger in this case, 
especially near the beginning of the vaporization history. In each figure. the maximum time plotted is for 
the gas-phase time scale 7E = tpJ(p,roz) = 24.86, where ro is the initial droplet radius. In Fig. 1, the 
largest velocity ratio is U,/UN, = 0.036, while in Fig.2 the largest velocity ratio is UJU, = 0.086. 

Figures 3 and 4 show comparisons of droplet temperature profiles at T~ = 24.86 for octane and methanol 
droplets initially 2 mm in diameter. In each figure, the top half shows droplet isotherms when surface- 
tension gradients are accounted for (case l), while the bottom half shows droplet isotherms when 
surface-tension gradients are neglected (case 2). The maximum and minimum temperatures for the 
isotherms drawn are listed in the figures. For each plot, the temperature difference between each 
isotherm is the same, though isotherm temperature differences vary between plots. For both fuels. 
thennocapillary forces significantly affect temperature fields. 

Figures 5 and 6 show surface temperature profiles for octane droplets initially 2mm and 100 pm in 
diameter, respectively, at 7E = 24.86. Cases 1 and 2 correspond to vaporization with and without 
surface-tension gradients, respectively. In these figures, it is evident that allowing for thermocapillary 
effects significantly reduces surface temperature variations, especially for larger droplets. In essence, 
thermocapillary forces act to smooth out temperature gradients by inducing convective flows. Even 
though surface temperature variations are signiticantly reduced by thennocapillary effects, the associated 
thermocapillary flows are still very important. For example, Figs. 7 and 8 show the droplet surface 
velocity profiles (cases 1 and 2 axe as defmed above) for the same times listed for Figs. 5 and 6. Again, 
it is evident that thermocapillary effects significantly affect the velocity profiles. What is especially 
notable, though, is the prediction that surface-tension gradients tend to decrease droplet surface 
velocities. The reason for this can be infemd from Figs. 5 and 6. where it can be Seen that, at the time 
shown, the octane droplets are coolest near the stagnation point (angular position of zero). 
Thennocapillary effects thus strongly oppose gas-phase shear stresses. As a result, surface-tension 
gradients significantly inhibit droplet internal convection (see also Ags. 3 and 4). 

Figure 9 (which is to be interpreted in the same way as Figs 1 and 2) shows transient surface velocity 
profiles (the maximum time plotted is rg = 23.52). while Fig. 10 gives surface. velocity profiles at 7E = 
23.52 for nonvaporizing 2 mm octane droplets subjected to heating in a 400 K environment. These 
calculations were done for an initial Re of 0.1 (the droplet velocity was allowed to decay from drag). 
Surface-tension gradients were allowed for the results given in Fig. 9. In Fig. 10. results are presented 
both including and negIecting thennocapillary effects (cases 1 and 2. respectively). A striking feature of 
Fig. 9 is the oscillatory nature of the velocity profiles. The maximum velocity ratio in Fig. 9 is UJV, = 
0.126. In Fig. 10, it is evident that thermocapillary forces significantly affect velocity profiles; even at 
this low Re, small surface temperature variations produce appreciable effects. 
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SUMMARY AND CONCLUSIONS 

The calculations presented here demonstrate that themocapillary effects may signifcantly influence 
droplet vaporization, especially during the early periods of a droplet's lifetime. Further work is required 
to more clearly quantify the effects of capillary forces (from temperature and/or composition variations 
along a droplet's surface) on droplet gasification phenomena 
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Figure 1. Surface velocity history for 
a vaporizing octane droplet without 
thennocapillary effects. 

Figure 2. Surface velocity history for 
a vaporizing m a n e  droplet with 
thennocapillary effects. 
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Case 1 

Case 2 

Figure 3. Interior temperature profiles of a 
vaporizing Octane droplet with and without 
surface tension gradients. 
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Figure 5. Comparison of surface 
temperature profiles of a vaporizing 
octane droplet. 
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Case 2 

Figure 4. Interior temperaNre profiles Of a 
vaporizing methanol droplet with and without 
surface tension gradients. 
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Figure 6. Comparison of surface 
tern erature profiles of a vaporizing 
ma!, octane droplet. 
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Figure 7. Comparison of surface velocity 
profiles of a vaporizing octane droplet. 
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Figure 8. Comparison of surface velocity 
profiles of a vaporizing small octane 
droplet. 
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Figure 9. Surface velocity history of a 
nonvaporizing octane droplet at low 
Reynolds number with surface tension 
gradients. 

Figure 10. Comparison of surface velocity 
of an octane droplet at low Reynolds 
number. 
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